This review provides an overview on the methods available for analysis of O-glycosylation. Three major themes are addressed: analysis of released O-glycans including different O-glycan liberation, derivatization, and detection methods; analysis of formerly O-glycosylated peptides yielding information on O-glycan attachment sites; analysis of O-glycopeptides, representing by far the most informative but also most challenging approach for O-glycan analysis. Although there are various techniques available for the identifi cation of O-linked oligosaccharides, the focus here is on MS fragmentation techniques such as collision-induced fragmentation, electron capture dissociation, and electron transfer dissociation. Finally, the O-glycan analytical challenges that need to be met will be discussed.
Introduction
Protein glycosylation is a very heterogeneous group of posttranslational modifi cations that has been found in essentially all living organisms, ranging from eubacteria to eukaryotes (Spiro , 2002 ) .
Two major types of protein-linked oligosaccharides (Nand O-glycans) are differentiated on the basis of biosynthesis and linkage: while protein N-glycosylation is initiated by the en bloc transfer of a 14-monosaccharide building block onto asparagine amide groups of the nascent polypeptide forming an N-glycosidic linkage (Varki et al. , 2009 ) , O-glycans are built up on the protein by the sequential enzymatic transfer of individual monosaccharides starting with the glycosylation of hydroxyl groups of the side chains of various amino acids including serine and threonine. Protein glycosylation is predominantly found on secreted proteins, the extracellular portions of membrane proteins, and the luminal side of organelles such as endoplasmic reticulum, Golgi apparatus, and lysosomes (Varki et al. , 2009 ) .
O-glycosylation in mammals represents a very diverse group of modifi cations that are often classifi ed on the basis of the innermost monosaccharide. In mucin O-glycans, this initiating monosaccharide is an α -linked N-acetylgalactosamine (GalNAc), and 20 human GalNAc transferases have been described that differ in polypeptide preference and tissuespecifi c expression (Ten Hagen et al. , 2003 ; Gill et al. , 2011 ) . Eight different core structures of GalNAc-linked O-glycans are distinguished depending on the substitution of GalNAc with β -linked Gal, β -linked GlcNAc, or α -linked GalNAc in the 3-and/or 6-positions ( Figure 1 ) (Mormann et al. , 2005 ) . Changes in mucin O-glycosylation appear to be a general phenomenon of malignancies (Taylor -Papadimitriou et al., 1999 ; Park et al. , 2010 ) , and the resulting mucin O-glycopeptide motifs of, for example, MUC1 have been shown to be targeted by specifi c autoantibody responses in cancer, which may be of diagnostic value (Pedersen et al. , 2011 ) .
Another modifi cation, O-mannosylation, has been observed on various proteins from the brain and skeletal muscles, and defects in the involved transferases are associated with various congenital diseases (Stalnaker et al. , 2011 ) . Other O-glycans exhibit an innermost fucose, glucose, galactose, xylose, or N-acetylglucosamine (GlcNAc) (Haltiwanger and Lowe , 2004 ; Stalnaker et al. , 2011 ; Sethi et al. , 2012 ) . A very peculiar case of O-glycosylation is the so-called O-linked GlcNAc (O-GlcNAc). This modifi cation, termed O-GlcNAcylation, is mainly found on intracellular, nucleocytosolic proteins and is involved in modulating cellular signalling pathways (Lazarus et al. , 2009 ) . Although these diverse types of O-glycosylation are very interesting, a closer description of the specifi c methodological aspects is out of scope for this review, and in the following, we will here focus on mucin-type O-glycosylation.
A principal challenge in the fi eld of O-glycosylation analysis still comprises fi nding the most suitable analytical technique that allows the analysis of the desired glycans and their attachment site(s). In general, there are three main ways to analyze glycosylation: analysis and characterization of glycans on intact glycoproteins; analysis and characterization of glycans covalently attached to (glyco)peptides; or structural analysis of released glycans.
The intact glycoprotein, released glycans, and generated glycopeptides can be analyzed using various analytical platforms such as HPLC profi ling, lectin affi nity chromatography, mass spectrometric analysis, capillary electrophoresis (Harvey , 2005 ; Geyer and Geyer , 2006 ; Zaia , 2010 ) or nuclear magnetic resonance (NMR). Depending on the method used, there are also other steps required to obtain materials suitable for analysis; for example, to perform an HPLC profi ling experiment, the glycans need to be released from the protein fi rst and then modifi ed with a fl uorescent tag to allow optical detection (Geyer and Geyer , 2006 ) . More recently, H ü lsmeier et al. (2011) provided a good overview on N-and O-glycosylation analysis methods currently available within the fi eld. The Human Proteome Organisation Human Disease Glycomics/Proteome Initiative initiated an excellent multi-institutional study aiming to compare methodologies currently used for O-glycan analysis. A variety of mass spectrometric and chromatographic procedures representative of current approaches were used (Wada et al. , 2010a ) . Two general strategies were found to give the most reliable data. These are direct MS analysis of mixtures of permethylated reduced O-glycans in the positive ion mode and analysis of native reduced glycans in the negative ion mode using LC-MS approaches. In addition, mass spectrometric methodologies to analyze O-glycopeptides were also successful. The 1 H NMR studies can provide the entire primary structure of a released glycan, but the sample needs to be highly purifi ed in large amounts (typically a milligram or more).
Here, we will review current analytical approaches for protein O-glycosylation analysis with a focus on recent methodological advances. Analysis of released glycans, formerly O-glycosylated peptides, and O-glycopeptides in general are covered. Finally, various innovative aspects as well as challenges in the fi eld are discussed.
Analysis of released glycans
Most methods for protein glycosylation analysis rely on the release of the glycans from the glycoprotein (Peter -Katalinic, 2005 ; North et al. , 2009 ; Ruhaak et al. , 2010 ) . Methods for the release, recovery, and analysis of N-glycans are well established, with the most common method in use being enzymatic release using N -glycosidase F or N -glycosidase A (Geyer and Geyer , 2006 ) . However, the release and recovery of O-glycans, particularly intact O-glycans, still remains very challenging. One major reason for this is that the enzymatic release of O-glycans is limited to endo-α -N-acetylgalactosamidase, an O-glycanase with a high specifi city that only enables the removal of core 1 disaccharides (Gal β 1-3GalNAc) from serine or threonine (Dwek et al. , 1993 ) . Therefore, the current best methods for universal removal of O-glycans from glycoproteins rely on chemical release. Over the last 20 years, several methods for the chemical liberation of O-glycans have been developed, including techniques that use either reductive or non-reductive β -elimination.
Reductive β -elimination
Reductive β -elimination is one of the most popular techniques for obtaining released O-glycans. The most common conditions have been developed by Carlson and colleagues: the ' Carlson reductive β -elimination method ' typically involves the use of 0.05 m sodium hydroxide and 1.0 m sodium borohydride at a temperature of 45 ° C with an incubation time of 14 -16 h followed by solid-phase extraction of released O-glycan alditols (Carlson , 1968 ; Iyer and Carlson , 1971 ; Cooper et al. , 1994 ) . Under alkaline sodium hydroxide conditions, the O-glycans are cleaved from the glycoprotein and the sodium borohydride immediately reduces the terminal monosaccharide of the released sugars to an alditol. Reduction of the terminal sugar by converting it to an alditol reduces or completely stops a side reaction known as ' peeling ' , which is a side reaction that may be defi ned as stepwise degradation of the polysaccharide starting at the reducing end and removing one sugar residue at a time (Corbett and Kenner , 1955 ; Richards and Sephton , 1957 ; Whistler and BeMiller , 1958 ; Greville and Richards , 1960 ; Brooks , 1966 ; MacLaurin , 1969 ) . Unfortunately, due to the reductive step used to suppress peeling, the terminal sugar is no longer available for labeling with a fl uorophore or chromophore. Therefore, with the preclusion of fl uorescence or UV detection, the released O-glycans are predominantly analyzed by mass spectrometry or high pH anion exchange chromatography with pulsed amperometric detection (Lloyd et al. , 1996 ; Kotani and Takasaki , 1997 ) . Despite this limitation, reductive β -elimination is still one of the most widely used methods applied by many researchers (Schulz et al. , 2002 ; Taylor et al. , 2006 ; Faid et al. , 2007 ; Doohan et al. , 2011 ; Ismail et al. , 2011 ) . Cooke et al. (2007) used reductive β -elimination to release mucin-type O-glycans directly from biopsy tissue of rhesus monkeys. The released oligosaccharides were structurally characterized using positive ion mode MALDI-MS and nano-ESI MS for more sensitive detection of acidic oligosaccharides. Robijn et al. (2007) used this method for the analysis of the glycosylation of a subset of a Schistosoma mansoni egg glycoproteins (SEA-4D12) bound by an anti-carbohydrate mAb 114-4D12 that is used in a diagnostic circulating egg antigen assay. The pool of released O-glycans was analyzed by MALDI-TOF-MS.
Analysis of underivatized glycans using negative ion electrospray mass spectrometry can be used for characterizing both negatively charged and neutral oligosaccharides (Kawasaki et al. , 2000 ; Thomsson et al. , 2000 ; Schulz et al. , 2002 ; Doohan et al. , 2011 ) . Isomer separation (on graphitized carbon) and negative-mode ESI MS/MS characterization of underivatized complex O-glycan mixtures from human MUC5B that were released by reductive β -elimination has been described by Karlsson et al. (2004) . The authors characterized four separated structural isomers of released oligosaccharides with the composition dHex 1 Hex 2 HexNAc 2 HexNAcol 1 (where Hex represents hexose; HexNAc, N-acetylhexosamine; HexNAcol, N-acetylhexosaminitol) (Figure 2 ) . Larsson et al. (2009) applied reductive β -elimination to study the O-glycosylation of the colon MUC2 mucin from individual biopsies collected from the sigmoid colon during colonoscopy from 25 patients. More than 100 complex O-linked glycans (mostly monosialylated, disialylated, and trisialylated) were identifi ed and analyzed by graphitized carbon nano-LC-MS/MS. Lloyd et al. (1996) used reductive β -elimination to compare the O-linked carbohydrate chains from MUC-1 immunoprecipitated from [
3 H]GlcN-labeled breast epithelial cell lines (MMSV1-1, MTSV1-7, and HB-2) derived from cells cultured from human milk, with the material obtained from three breast cancer cell lines (MCF-7, BT-20, and T47D) and analyzed them by high-pH anion chromatography. The data showed that the primary cells had a higher ratio of GlcN/ GalN and more complex oligosaccharide profi les than the cancer cell lines (Lloyd et al. , 1996 ) .
A signifi cant increase in the sensitivity in the analysis of released O-glycans by MALDI-MS can be achieved by permethylation of the free hydroxyl groups (Ciucanu and Kerek , 1984 ; Ciucanu and Costello , 2003 ; Jang -Lee et al., 2006 ; Taylor et al. , 2006 ; Faid et al. , 2007 ) . Permethylating released O-glycans reduces their polarity, increases the stability of glycans (both sialylated and neutral permethylated glycans) for analysis by MS, and may provide linkage information upon MS fragmentation or GC-MS analysis of the monosaccharide constituents, for example, as partially methylated alditol acetates (Egge and Peter -Katalini ç , 1987 ; Hanisch et al. , 1989 ; Geyer and Geyer , 1994 ; Robbe et al. , 2006 ; Morelle and Michalski , 2007 ; Morelle et al. , 2009 ; Ismail et al. , 2011 ) . Hanisch et al. (1989) applied permethylation for the structural analysis of neutral O-linked glycans from human skim milk mucins. O-glycans were fi rst released by reductive β -elimination, then permethylated and subjected to FAB-MS and EI-MS analysis. The major observed structures were Gal β (1-3)[GlcNAc β (1-6)]GalNAc core 2 type structures. Thomsson et al. (2002) applied β -elimination to release and characterize O-glycans of salivary mucin. First, the oligosaccharide mixture was analyzed by NMR, and then, the oligosaccharides were fractionated into neutral, sialylated, and sulfated pools. Neutral and sialylated species were permethylated and analyzed by MALDI-TOF-MS and GC-MS. Bleckmann et al. (2009) Presented data indicated that the major O-glycans are core 1 and core 2 mucin-type structures with and without sialic acid.
As an alternative to the commonly used sodium hydroxide, dimethylamine has been applied for O-glycan removal by Maniatis et al. (2010) . The protocol describes the use of dimethylamine in combination with microwave radiation for rapid de-O-glycosylation. This technique was evaluated on bovine fetuin and a porcine stomach mucin. The glycoproteins were incubated with 40 % dimethylamine for 70 min, and the released and reduced glycans were permethylated and analyzed by MALDI-TOF-MS. The results showed that this procedure ' improved ' the yields of O-glycans from both glycoproteins when compared with the ' classic ' Carlson reductive β -elimination method (Carlson , 1968 ; Iyer and Carlson , 1971 ) . A point of criticism in this paper might be the choice of the standard compound (O-GlcNAc-modifi ed peptide) used for method development (Maniatis et al. , 2010 ) . O-GlcNAc is known to be much more alkali-labile than O-GalNAc, and therefore, the fi ndings may not directly be transferable to the analysis of mucin-type O-glycosylation (Hu et al. , 2010 ) .
Although a popular technique, as mentioned earlier, the analysis of O-glycans released by reductive β -elimination method is largely restricted to mass spectrometric detection.
Nonreductive β -elimination
Many researchers have looked at developing nonreductive release methods that can produce O-glycans with free reducing termini allowing further derivatization by either a chromophore or a fl uorophore for analysis of glycans by HPLC with UV or fl uorescence detection (Wada et al. , 2010a ) . Over the years, a number of different reagents for nonreductive release have been developed. Chai et al. (1997) reported the use of 70 % (w/v) aqueous ethylamine and Yamada et al. (2010) reported the use of lithium hydroxide in an automatic setup, but the overall reaction Possible isomeric structures are given in different colors, and key product ions derived thereof are denoted in the respective color. Nonspecifi c product ions are labeled in black. All fragments observed are sodium adducts. Fragments were assigned according to Domon and Costello (1988) . They may be achieved by different fragmentation pathways, only one of which is illustrated in the Figure. yields for both methods were low and the amount of peeling products was relatively high. Huang et al. (2001) developed an ammonia-based β -elimination procedure. The authors applied a combination of aqueous ammonium hydroxide (for β -elimination) and ammonium carbonate (for converting reducing glycans to glycosylamines as well as glycosylamine carbonates) to prevent O-glycans from ' peeling ' . This method is very appealing, as both reagents are volatile and easily removed upon evaporation, thus eliminating the need for an elaborative desalting step. The authors reported that the yields of released glycans were quantitative and that peeling was completely prevented. To test this technique, the authors used a maltoheptaose standard as a model for both 1-4-linked glycan cores and fetuin N-glycans with a GlcNAc β 1-4GlcNAc core, next to fetuin O-glycans. Released O-glycans were analyzed by MALDI-MS. No signals originating from the peeling reaction were observable; however, the low molecular structures were found to be diffi cult to detect because they overlap with peaks that are attributed to matrix (Huang et al. , 2001 ) . A major weakness of this paper might be that inappropriate compounds ( β 1-4-linked glucose oligomers instead of β 1-3-linked glycans, which are much more prone to degradation by peeling) have been used to establish the method. This issue was addressed by Yu et al. (2010) , who looked into the stability of released O-glycans under nonreducing ammonia-based β -elimination conditions, demonstrating that the β 1-3 linkage is labile, whereas the β 1-4 linkage is relatively stable under these conditions. These data demonstrate that a complete prevention of peeling under alkali-catalyzed hydrolysis conditions remains diffi cult. Investigations indicate that great care has to be taken when using nonreductive alkaline conditions in glycomic analysis and in obtaining glycoprotein glycans for functional studies .
Further modifi cations to the ammonia-based β -elimination procedure were made by Miura et al. (2010) . They demonstrated that using ammonium carbamate under the nonreductive conditions can prevent the unfavorable ' peeling ' side reaction. The samples were incubated for 20 h at 60 ° C with ammonium carbamate, and then the solution was subjected to glycoblotting with subsequent methylation of sialic acids and tagging of the oligosaccharides by trans -iminization with O-benzylhydroxylamine hydrochloride. The tagged methyl esterifi ed O-glycans were eluted with water and analyzed by MALDI-TOF-MS.
Permethylation of released O-glycans for analysis by mass spectrometry is a technique used by many researchers. Goetz et al. (2009) realized that the alkaline conditions used for permethylation were similar to the conditions used for the release of O-glycans and therefore developed a combined method for the release and permethylation of O-glycans. This method is a combination of an enzymatic digestion and a chemical O-glycan release using a solid-phase permethylation procedure. The protocol consists of incubation of the samples for 48 h with pronase, followed directly by release and permethylation using a spin column method (Kang et al. , 2005 (Kang et al. , , 2008 . As the glycans are released, in their free, nonreduced form, by sodium hydroxide, methyl iodide is used as the methylating reagent to immediately convert them to their permethylated derivatives, thereby preventing the ' peeling ' side reaction and stopping the oligosaccharides from degrading. In this study, the O-glycans of bovine serum fetuin, human IgA, and bile salt-stimulated lipase (BSSL) were successfully analyzed by MALDI-TOF-MS (Goetz et al. , 2009 ) . Although the technique provides good release of O-glycans, the detection of lower-molecular-weight O-glycans by MALDI-TOF-MS proves diffi cult, as these masses overlap with peaks in the lower mass region that are attributed to matrix.
More recently, Zauner et al. (2011 ) , Wang et al. (2011 ) , and Furukawa et al. (2011 have introduced new, one-pot combined methods for O-glycan release and labeling. These methods use dimethylamine (Zauner et al. , 2011 ) , ammonia (Wang et al. , 2011 ) , or sodium hydroxide (Furukawa et al. , 2011 ) for β -elimination release and 1-phenyl-3-methyl-5-pyrazolone (PMP) for the concomitant labeling via a Michael addition.
The method was applied to analyze O-glycans from bovine submaxillary gland mucin and BSSL by reverse phase (RP) nano-LC-ESI-MS/MS. The data show that the technique is quick and provides good release and labeling with an acceptable amount of peeling products.
Another very interesting study was performed in which chromatographic/tagging methodologies used by three laboratories for the analysis of O-glycans released under nonreductive conditions from IgA1 were found to give a diverse body of data. Clearly, peeling of the nonreductive alkaline released O-glycans from glycopeptides exacerbated the frequent occurrence of artifactual chromatographic peaks, severely infl uencing the reliability of these methodologies for quantitative O-glycomics (Wada et al. , 2010a ) .
Hydrazinolysis
Hydrazinolysis is a method for producing O-glycans in a nonreduced form in high yield (Patel et al. , 1993 ; Merry et al. , 2002 ) , forming an attractive alternative to the nonreducing β -elimination procedures described above. This method is very versatile and can be applied to release N-and/or O-glycans depending on the reaction conditions. The removal of N-glycans from glycoproteins by hydrazinolysis typically requires a temperature of 85 ° C -100 ° C and an incubation time of 5 -16 h (Patel et al. , 1993 ) . For the removal of O-glycans, a lower temperature is required (60 ° C, 6 h) (Merry et al. , 2002 ) . The mechanism by which hydrazine removes O-glycans is not fully understood. It is generally accepted that it proceeds via an initial β -elimination reaction followed by reaction with hydrazine to form hydrazone derivatives. Under the release conditions, the N -acetyl groups of the amino sugars are also removed; therefore, it is necessary to perform a re-Nacetylation step with acetic anhydride. As with all the nonreductive β -elimination techniques, the major concern of this method is the occurrence of undesirable peeling. A number of researchers have investigated how to reduce peeling under the hydrazinolysis conditions. To try and prevent this degradation, Cooper et al. (1994) formed hydrazone intermediates using 50 % aqueous hydrazine, but the results show that the degradative peeling had not been signifi cantly reduced. More recent studies have shown that the degree of peeling can be greatly reduced by removal of water from the sample before hydrazinolysis (Merry et al. , 2002 ) or by buffer exchanging the sample before hydrazinolysis with a solution of 0.1 % trifl uoroacetic acid or a low-molarity solution of ethylenediaminetetraacetic acid (EDTA) (Kozak et al. , 2012 ) . Further experiments showed that samples that were contaminated with CaCl 2 and subsequently washed with a solution of EDTA showed a lower amount of peeling and an increased yield of released O-glycans. These data demonstrate the effect of salt removal on the suppression of peeling.
Determination of glycan structures from analyzing MS, HPLC, or NMR data is one of the major challenges in glycomics studies. Several different types of software tools have been developed for glycomics including GlycoWorkbench (Ceroni et al. , 2008 ) , GlycoPeakfi nder (Maass et al. , 2007 ) , and GlycoBase (Campbell et al. , 2008 ) . GlycoWorkbench is a tool that offers a graphical interface comprising a tool for building glycan schemes, an exhaustive collection of fragmentation types, and a broad list of annotation options. The software can be downloaded from http://www.glycoworkbench. org/. GlycoPeakfi nder is a web-based software system allowing the determination of the composition of glycan-derived MS signals independently from the source of spectral data and the fragmentation technique. GlycoBase is a database with MS and HILIC data for over four hundred 2-AB-labeled N-linked glycans and seventy-fi ve 2-AB-labeled O-glycan structures. A number of databases for analyzing NMR data are also currently available (Jansson et al. , 2006 ; Lutteke et al. , 2006 ) , but data analysis still is demanding.
Analysis of formerly O-glycosylated peptides
In most cases, the structures of the oligosaccharides are analyzed after releasing O-glycans from peptides by β -elimination. However, there is information that can be obtained from the peptide portion after β -elimination that should not be neglected: while no information about the glycan heterogeneity at the different sites can be obtained, the glycosylation sites may be determined .
Initial experiments were performed by Rademaker et al. (1993) using reductive β -elimination with NaOH and NaBD4. This resulted in the released, deutero-labeled O-glycan alditols as well as peptides with a deutero-labeled former O-glycosylation site: for example, in the case of an O-glycosylated threonine, β -elimination of the O-glycan converts the threonine residue into dehydroamino-2-butyric acid, which is the reduced to 2-aminobutyric acid deuterated in the C2-position. O-glycosylation sites were elucidated by FAB-MS analysis of the mass-tagged, formerly O-glycosylated peptides providing y-and b-ion series (Rademaker et al. , 1993 ) .
A diffi culty associated with the β -elimination release of O-glycans from peptides is that the reductant used to prevent peeling of the released O-glycans may degrade the peptide backbone of certain peptides (Rademaker et al. , 1998 ) . This was addressed by introducing a β -elimination/Michael addition protocol in which the former site of O-glycan attachment is marked by a tag allowing a mass spectrometric identifi cation of the site of glycosylation (Rademaker et al. , 1998 ) . The performance of sodium hydroxide and ammonium hydroxide as releasing agents was compared: it was shown that the use of NH 4 OH greatly enhances the sensitivity of the β -elimination procedure as well as obviates the need for sample cleanup. Importantly, the addition of ammonia to the double bond generated upon glycan elimination was observed, indicating that ammonia had a double function as a basic β -elimination reagent and tagging reagent. The resulting amine-tagged serine and threonine derivatives facilitated the identifi cation of formerly O-glycosylated residues by ESIquadrupole-collision-induced fragmentation (CID)-MS/MS (Rademaker et al. , 1998 ) . The drawbacks to this approach can be nonspecifi c dehydration of unmodifi ed Ser and Thr residues and the inability to determine whether the Ser and/or Thr residues were modifi ed by glycans or by other groups such as phosphate, which are β -eliminated in the same way.
Other researchers have tested other basic chemicals as β -elimination reagents: Hanisch et al. (2001) and Mirgorodskaya et al. (2001) reported on β -elimination using methylamine as the releasing agent and at the same time as the reagent to modify the formerly glycosylated serine or threonine residue within the peptide before MALDI-TOF-MS or ESI-ion trap-MS mapping of the sites. Zheng et al. (2009) compared the use of various amines (dimethylamine, methylamine, and ammonia solution) for the release of O-glycans from glycopeptides via β -elimination. The highest reaction yields were observed when dimethylamine was used to convert the Thr residue of the glycopeptides into its β -elimination/ addition derivative with a mass shift of -18 or 27 Da (addition of dimethylamine) compared with the nonglycosylated Thr. Although the authors successfully identifi ed the glyosylation sites, peptide analysis did not give information on the glycan structures (Zheng et al. , 2009 ) .
In two earlier studies, removal of O-GlcNAc from O-glycopeptides was described by mild β -elimination followed by Michael addition of dithiothreitol (DTT), deuterated DTT, or biotin pentylamine to tag O-GlcNAc sites. After chromatographic enrichment of the modifi ed peptides, the former O-GlcNAc sites (as well as phosphorylation sites) could be identifi ed by LC-MS/MS (Wells et al. , 2002 ; Vosseller et al. , 2005 ) .
In a more recent paper, the addition of other reagents during β -elimination, such as PMP, in combination with DTT, was tested. It was found that not only were the O-glycans labeled but the formerly glycosylated peptide portions were also tagged after this reaction, as could be shown by MALDI-TOF-MS. Therefore, after one reaction, both the released/ labeled O-glycans and the remaining tagged peptide portion can be analyzed. This is another demonstration of the feasibility of being able to use the peptide portion for site specifi c analysis after β -elimination (Furukawa et al. , 2011 ) . Czeszak et al. (2002) were likewise interested in analyzing O-glycosylation sites and aimed for a more potent way to chemically modify peptides as they were deglycosylated. They used β -elimination/addition reaction conditions, consisting of dimethylamine and ethanethiol, on formerly glycosylated sites to leave effi ciently deglycosylated peptides that were chemically modifi ed to mark the O-glycan attachment sites. After N-terminal derivatization by a phosphonium group, peptide sequencing was carried out by nano-ESI tandem mass spectrometry.
Depending on the research question, the analysis of deglycosylated peptides can be of value to determine the sites of O-glycosylation, even though the glycan structure and heterogeneity information are lost .
Analysis of O-glycopeptides
By far the most effi cient, but obviously analytically challenging, approach to analyze the O-glycan structures plus the attachment sites to the protein is performing O-glycopeptide analysis. As potential O-glycosylation sites are not indicated by specifi c consensus motifs, as is the case with N-glycosylation, direct analysis of the glycopeptides is diffi cult even if using newly developed and improved techniques (Hansen et al. , 1996 (Hansen et al. , , 1998 Chen et al. , 2008 ) . We will describe the major mass spectrometry techniques currently used for the characterization of O-glycopeptides including CID fragmentation and electron capture dissociation (ECD) and electron transfer dissociation (ETD) fragmentation. Generation of O-glycopeptides by proteolytic cleavage procedures using specifi c proteinases and unspecifi c proteinases will be addressed. The study of synthetic model O-glycopeptides will be presented, and examples of naturally occurring O-glycopeptides will be given.
CID fragmentation of glycopeptides
High-energy collision-induced dissociation (HCD) by FAB-MS has been established for characterizing glycopeptides containing O-linked monosaccharides and disaccharides. Via peptide backbone cleavages, both the peptide sequence and the site of attachment of the sugar moiety were obtained from a single HCD spectrum (Medzihradszky et al. , , 1996 Settineri et al. , 1990 ) .
With the advent of ESI and MALDI ionization, glycopeptide analysis by FAB-MS became gradually replaced by these soft ionization modes: the fragmentation of electrospray-ionized glycopeptides may be performed by CID using a variety of instruments and experimental setups. ESI-ion trap-CID tandem mass spectrometry (MS/MS) of glycopeptides results mainly in fragments arising from glycosidic bond cleavage, allowing the determination of the glycan structure with the peptide moieties staying largely intact (Perdivara et al. , 2009 ; Darula et al. , 2010 ; Zauner et al. , 2010 ) . When multiple sugar units are attached to a peptide, ion series (appearing often in different charge states) are measured due to sequential carbohydrate losses (Darula et al. , 2010 ) . Under ion trap-CID conditions, O-linked glycopeptides often undergo gas-phase deglycosylation that completely eliminates the carbohydrate, leaving the unmodifi ed and thus ' unlabeled ' Ser or Thr residue(s) behind Darula et al. , 2011 ) . In the case of ion trap-CID, if the detection of peptide backbone fragments is desired, there is, in many cases, the necessity to perform MS3 experiments (Nilsson et al. , 2009 ; Zauner et al. , 2010 ) . In Figure 4 , an example of a proteinase K-generated O-glycopeptide identifi cation from asialofetuin is demonstrated: the upper spectrum ( Figure 4A) Figure 4B ) . While most of the ESI-CID-MS/MS analyses of glycopeptides are performed with positive-mode ionization, Deguchi et al. (2007) also evaluated the negative-mode ion trap-CID. In these spectra, they observed C-ions comprising the entire O-glycan chain, representing a gas-phase release of the reducing-end O-glycan. Comparison of the negativemode fragmentation pattern (MS3) of the gas phase-released O-glycan with the MS2 fragmentation of infused oligosaccharide standards enables the use of spectral matching for the structural assignment of O-glycan structures (Deguchi et al. , 2007 ) .
Next to ESI-IT-MS/MS, ESI-quadrupole-TOF MS/ MS has been widely used for CID fragment ion analysis of O-glycopeptides. ESI-quadrupole-CID fragmentation spectra of O-glycopeptides may allow the deduction of the O-glycosylation site(s) based on y-and/or b-type peptide ions comprising the glycan attachment site. This is only true if the glycan moiety is not completely ' lost ' during the fragmentation process. Hence, optimization of the fragmentation energy is critical in ESI-quadrupole-CID analysis of O-glycopeptides (Hanisch et al. , 1998 ) , similar to the situation in ESI-quadrupole-CID of N-glycopeptides, where low fragmentation energies result in glycan fragmentation while high energies mainly provide peptide sequence ions lacking the glycan modifi cation .
As an example, nano-ESI low-energy quadrupole CID was used in conjunction with other methods to analyze N-and O-glycopeptides derived from the M surface protein of the human hepatitis B virus. The O-glycosylation site within the O-glycopeptide could be identifi ed due to the excellent coverage of the (glycosylated) sequence ions that were obtained for this particularly large peptide (29 amino acids long) (Schmitt et al. , 1999 ) .
Alving et al. (1998) performed a comparative study by ESI-MS/MS and postsource decay (PSD)-MALDI-MS to
analyze O-glycopeptides, whereas another study focused exclusively on ESI-QTOF-MS analysis (Hanisch et al. , 1998 ) . More recently, MALDI low-energy CID MS/MS experiments on a QTOF instrument (Stubiger et al. , 2005 ) have been found suitable for assigning O-glycans to specifi c O-glycosylation sites.
ECD/ETD fragmentation of glycopeptides
MS methods using ECD and ETD fragmentation of O-glycopeptides simplify the identifi cation and site assignment of fragmentation-prone side-chain modifi cations.
In ECD, reduced radical cations [M + nH]
(n-1) + are generated by irradiation of multiply charged analyte ions, [M + nH] n + , produced by electrospray ionization with low-energy electrons (T ≤ 0.2 eV) (Zubarev et al. , 1998 ; Mirgorodskaya et al. , 1999 ; Haselmann et al. , 2001 ; Mormann and Peter -Katalinic, 2003 ) . These odd-electron species mainly dissociate by fast and facile fragmentation of the N-C α bonds of the peptide chain giving rise to c-and z-type ions. This process has been characterized as ' non-ergodic ' , i.e., bond cleavage occurs before randomization of the excess energy gained in the charge-recombination event. As a consequence of the non-ergodic nature of the ECD process, the elimination of side-chain modifi cations, such as glycans from the peptide backbone, cannot compete with the backbone cleavages within the radical cations (Mormann and Peter -Katalinic, 2003 ) . Therefore, ECD can be used for an unambiguous assignment of the attachment sites of glycans within the peptide chain (Kjeldsen et al. , 2003 ; Mormann and Peter -Katalinic, 2003 ) . In several studies, ECD fragmentation has been proven very useful for the identifi cation of O-glycan structures and their attachment sites within O-glycopeptides (Mormann and Peter -Katalinic, 2003 ; Mormann et al. , 2004 Mormann et al. , , 2005 Renfrow et al. , 2005 Renfrow et al. , , 2007 Nilsson et al. , 2009 ; Halim et al. , 2011a ) : For example, Mormann et al. established a protocol for the analysis and characterization of both standard and synthetic O-glycosylated peptides in which a novel pulse sequence improved the effi ciency for ECD of an unmodifi ed Fourier transform ion cyclotron resonance (FTICR) mass spectrometer by more than an order of magnitude. This approach showed that as well as obtaining the amino acid sequence, information on the attachment site of the labile glycan moiety along with radical-site-induced fragmentation of the glycosidic bonds can be obtained from such an experiment (Mormann and Peter -Katalinic, 2003 ) . Renfrow et al. (2005 Renfrow et al. ( , 2007 
used ECD and activated ion-electron capture dissociation (AI-ECD) FTICR-MS
2 to analyze the O-glycosylation of IgA. Previously established methods relied on the depression or absence of expected signal at particular cycles in the amino acid sequencing, whereas an AI-ECD product ion spectrum directly identifi es sites with and without attached glycans (Renfrow et al. , 2005 ) . This study led to the fi rst direct identifi cation of multiple sites of O-glycan attachment in IgA1 hinge region by mass spectrometry, thereby enabling future characterization at the molecular level of aberrant glycosylation of IgA1 in diseases. In a follow-up study, myeloma proteins (Renfrow et al. , 2007 ) . For the fi rst time, an individual IgA1 O-glycopeptide species from an IgA1 hinge region preparation that is reproducible for each IgA1 myeloma protein could be identifi ed by AI-ECD fragmentation. Excitation of the precursor ions using a CO 2 laser before electron irradiation was found to be valuable for obtaining high-quality ECD spectra of O-glycosylated peptides (in this case, IgA O-glycopeptides) (Renfrow et al. , 2005 (Renfrow et al. , , 2007 .
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In ETD fragmentation, the electron-induced fragmentation results in the cleavage of the N-C α bonds of the peptide producing c-and z-type fragment ions (Syka et al. , 2004 ; Thaysen -Andersen et al., 2011 ) . Electron transfer triggers a fragmentation almost exclusively along the peptide backbone, leaving the glycan mass intact and therefore allows the identifi cation of the peptide sequence. A good-quality ETD spectrum permits the identifi cation of the peptide sequence, the glycan mass, and the unambiguous assignment of the modifi cation site ( Figure 5 ) (Darula et al. , 2010 ).
An advantage of ETD compared with ECD is that the electrons are transferred to the analyte using an electron carrier, which makes the technique compatible with a wider (and more accessible) range of mass spectrometers. Most studies using ETD MS
2 as a tool to analyze O-glycopeptides focused on peptides with a single glycan attached (for example, Perdivara et al. , 2009 ; Christiansen et al. , 2010 ;  Table 1 ), but recently, studies have been published on the site-specifi c characterization of highly clustered glycosylation sites (Takahashi et al. , 2010 ; Thaysen -Andersen et al., 2011 ) .
There are a few disadvantages of ETD, such as the requirement of a precursor ion with suffi cient charge density for a high-quality ETD fragmentation spectrum (Darula et al. , 2010 ) and the ineffi cient fragmentation for peptides with a positive net charge < 3 + (Halfi nger et al. , 2011 ) . However, most database-searching algorithms do not consider fragment ions bearing charge states higher than 2 + ; they will therefore not assign such ions, and thus, the peptide fragment assignment will be incomplete when highly charged precursors are fragmented (Darula and Medzihradszky , 2009 ) .
Another more general problem is the lack of availability of this fragmentation mode on many commonly used MS instruments. Christiansen et al. (2010) tried to analyze the mucin-like O-glycosylation domains of a model protein. The protease digests produced many glycopeptides as determined by CID-MS/MS, but ETD fragmentation of these resulted in only a few interpretable spectra, suggesting that the use of ETD in determining the heterogeneous O-glycosylation at specifi c sites in regions of multiple occupancies is still in its infancy (Christiansen et al. , 2010 ) .
In general, it is believed that the combination of CID and ETD fragmentation, along with improved data analysis software should greatly facilitate O-linked glycopeptide analysis in the future (Darula et al. , 2010 ) .
Glycopeptides generated by tryptic digestion
The most commonly used enzyme for the proteolytic generation of glycopeptides is trypsin, which cleaves the protein at well-defi ned sites. Specifi c cleavage makes the analysis of glycopeptides easier, as the expected peptide masses can be ). This spectrum provides suffi cient information for confi dent sequence identifi cation as well as site assignment. Sialic acid loss from chargereduced versions of the precursor ion was also detected. Fragments labeled with an asterisk indicate hydrogen transfer, i.e., z + 1 ions. Taken from Darula et al. (2010) with permission. Reduced complexity of fragment spectra and higher signal-to-noise ratio as compared with PSD MALDI MS (Hanisch et al. , 1998 ) ESI-QTOF-CID-MS predicted, if the amino acid sequence of the protein is available . Steentoft et al. (2011) showed with their impressive work that enzymatically glycoengineered human cell lines with simplifi ed O-glycosylation can be used for total O-glycoproteome analysis. Stable ' SimpleCell ' lines with homogenous O-glycosylation were generated, which had only truncated GalNAc α or NeuAc α 2-6GalNAc α O-glycans attached. Total cell lysates were digested, and GalNAc O-glycopeptides were isolated and used to analyze the O-glycoproteome by nLC-ESI-linear ion trap-LIT-FTICR-MS. A combination of HCD and ETD-MS 2 mode allowed peptide sequence analysis with and without retention of glycan site-specifi c fragments. The raw data were searched against a database with a precursor mass tolerance of 10 ppm and a fragment ion mass tolerance of 50 millimass units. Methionine oxidation and HexNAc attachment to serine and threonine were used as variable modifi cations. Additionally, HCD data showing fragment ions at m / z 204.08 were extracted and further processed. The information obtained from ETD as well as HCD spectra was combined for confi dent glycopeptide identifi cations and to minimize the number of false-positive hits. In total, > 100 O-glycoproteins with > 350 O-glycan sites (the great majority was previously unidentifi ed), including a GalNAc O-glycan linkage to a tyrosine residue, were identifi ed. By doing the analysis of three human simplifi ed cell lines derived from different organs, the list of known O-glycoproteins could be already doubled, while additional sites of O-glycosylation on several previously characterized O-glycoproteins could be identifi ed. This strategy is expected to be amenable to other types of protein O-glycosylation (Steentoft et al. , 2011 ) .
In another report, it was shown that a combination of CID and ETD techniques in LC-MS could prove to be a powerful tool for de novo identifi cation of O-glycosylation at unknown modifi cation sites in proteins (Perdivara et al. , 2009 ). More specifi cally, the amyloid precursor protein (APP) was investigated in terms of its glycosylation. There are two previously reported N-glycosylation sites on APP, but the authors focused on O-glycosylation plus the identifi cation of their attachment sites: for the fi rst time, three threonines were found to be modifi ed with core 1 type O-glycans. This discovery was possible due to the combination of information obtained from nano-HPLC-MS CID spectra (sugar oxonium ions) and the highly valuable ETD fragmentation pattern of the glycopeptides. In ETD, mainly peptide fragmentation occurred with little or no cleavage of the oligosaccharide portion. Clearly, this is also a demonstration that using nano-HPLC in combination with sophisticated fragmentation techniques such as ETD has great potential for mapping unknown glycosylation sites in proteins (Perdivara et al. , 2009 ) .
A method to enrich for glycoproteins from proteomic samples was developed recently (Nilsson et al. , 2009 ) . In this study, N-and O-glycosylation of proteins from human cerebrospinal fl uid (CSF) were investigated. For this particular purpose, the sialic acids within the oligosaccharides linked to glycoproteins from CSF were mildly oxidized by periodate and further captured onto hydrazide beads via the sialic acid residue of the glycans portion, the trypsin was digested such that only the glycopeptides remain attached to the beads, and fi nally, the captured glycopeptides can be selectively released by acid hydrolysis. After release from the beads, the glycopeptides were analyzed by RP-LC-ESI-FTICR-MS. Low-energy CID fragmentation MS 2 and MS 3 spectra were acquired, resulting in the identifi cation of 36 N-linked and 44 O-linked glycosylation sites on glycoproteins from CSF. In addition, complementary analyses were conducted in which the precursor ions were guided to the ICR cell and fragmented using ECD. This study led to the discovery of fi ve new O-linked glycosylation sites. Glycopeptide fragment spectra were searched against the Mascot database after entering the mass of the peptide portion as a precursor, computed by subtracting the monoisotopic mass of the glycan from the monoisotopic mass of the glycopeptide precursor. The following settings were applied: precursor mass tolerance, 10 ppm; fragment ion mass tolerance, 0.6 Da; enzyme, trypsin; one missed cleavage allowed; fi xed carbamidomethyl modifi cation of cysteine, variable oxidation of methionine. Although this particular method has its limitation as a sialic acid is required for the capturing, this could also be seen as an advantage in terms of mass spectrometry fragmentation patterns, which are simplifi ed due to the removal of the terminal sialic acid residue(s). For complex biological samples, this covalent capturing method with subsequent MS analysis is advantageous, as most of the nonglycosylated peptides is removed (Nilsson et al. , 2009 ) . For further references on the analysis of tryptic O-glycopeptides, see Table 1 .
Glycopeptides generated by unspecifi c proteinases
Lately, the use of unspecifi c proteinases such as pronase E (proteinase mixture from Streptomyces griseus ) or proteinase K (from Tritirachium album ) for glycoprotein cleavage has been shown to be useful for in-depth analysis of the site-specifi c N-and/or O-glycosylation of individual glycoproteins in many cases Wuhrer et al. , 2005 ; Clowers et al. , 2007 ; Dodds et al. , 2009 ; Seipert et al. , 2009 ; Christiansen et al. , 2010 ; Songsrirote et al. , 2010 ; Zauner et al. , 2010 ; Froehlich et al. , 2011 ; Nwosu et al. , 2011 ) .
Pronase E was immobilized on Sepharose beads to digest two model proteins (bovine fetuin A and bovine κ -casein) before the nano-LC-FTICR-MS applies the infrared multiphoton dissociation (IRMPD) mode, which allows an assortment of O-linked glycopeptide ions encompassing various compositions and charge states ). In particular, the IRMPD of the deprotonated form of O-glycopeptides has been shown to produce informative side-chain cleavages from unoccupied serine and threonine residues, allowing determination of whether a serine or threonine residue is glycosylated. A combination of positive mode and negative mode MS 2 was found to provide conclusive assignment of O-glycosites .
In another example, Christiansen et al. (2010) showed in their paper that ETD mass spectrometry of the proteasedigested and HILIC-enriched highly glycosylated domains of different glycoproteins allows the determination of the overall oligosaccharide heterogeneity. Different enzymes have been used for digestion such as trypsin, AspN, and also some unspecifi c proteinases such as proteinase K and the so-called PreTAQ. The main aim of this particular work was to develop complementary strategies to obtain structural information on the glycosylation of these diffi cult to analyze heterogeneously O-glycosylated domains. However, the O-glycan site occupancy of the mucin-like domains, with the modifi cation intact, requires the determination of the peptide sequence. Clearly, ETD MS/MS has the potential to assign these O-glycosylation sites and at the same time give information on the peptide sequence too. It was shown that using different types of analytical approaches and putting the information together, many of the structural details of the glycan heterogeneity can be determined on these heavily glycosylated O-linked glycopeptides (Christiansen et al. , 2010 ) .
Analysis of synthetic glycopeptides
A more technical approach was undertaken by ThaysenAndersen et al. (2011) , who used synthetic glycopeptides from the human mucin 1 (MUC-1) to test the use of ETD for the site-specifi c characterization of densely glycosylated mucin type O-glycopeptides. High peptide sequence coverage and confi dent glycosylation site determination were obtained from the infusion of individual glycopeptides and from glycopeptide mixtures separated using two different online LC approaches (RP and porous graphitized carbon), using ETD-IT-MS 2 . Interestingly, highly sialylated glycopeptides showed poorer ETD fragmentation, which limits the applicability of the approach as mucin type O-glycans have a naturally high abundance of sialic acid residues. On the other hand, the capability to characterize the glycosylation sites of mixtures of densely O-glycosylated mucin-type peptides while keeping the attached glycans structures intact during ETD fragmentation is amenable. Lately, synthetic O-glycopeptides served in some cases as excellent model systems to optimize various MS approaches (see Table 1 for details).
Naturally occurring O-glycopeptides
Recently, it was found that O-glycopeptides can be used to distinguish between healthy and diseased states: for example, Balog et al. (2010) identifi ed a group of novel aberrantly O-glycosylated peptide derived from the C-terminus of human apolipoprotein C-III (apoC-III) in the urine of S. mansoni -infected individuals, which was absent for healthy controls. The O-glycan portions identifi ed appeared to represent highly fucosylated core 2 structures.
In another comparative urinary metabolomic study of patients with urinary tract infection (UTI), Pacchiarotta et al. (2012) identifi ed a fi brinogen α -chain O-glycopeptide decorated with a disialylated T-antigen as the major discriminator between UTI patients and controls. Both studies give new insight into the (glyco-)biology that seems to play a role in the diseased state. The identifi cation of such O-glycosylationbased discriminators indicates the potential of urinary glycopeptides as biomarkers for infections.
Thirty-seven human APP O-glycopeptides derived from CSF (attached to , with sialylated core 1-like O-glycans) and, unexpectedly, a series of 27 glycopeptides [the A β 1-X series, where X was 20 (DAEFRHDSGYEVHHQKLVFF), which were all uniquely glycosylated on Tyr10 by the (Neu5Ac) 1-2 Hex-(Neu5Ac)-HexNAc-O structures)] were recently identifi ed (Halim et al. , 2011a ). An up to 2.5 times increase in Tyr10-glycosylated peptides in the CSF in six patients with Alzheimer disease (AD) compared to seven non-AD patients was observed. These sialylated O-glycans, including that of a Tyr residue, the fi rst in a mammalian protein, may modulate human APP processing and may therefore infl uence the amyloidogenic pathway associated with AD.
The expected proteolytic resistance of the O-glycosylated peptide stretches may lead to the accumulation of these glycopeptide moieties in degradation pathways, in particular in pathological situations. It is hoped that with the advances in the fi eld of O-glycoproteomics, more O-glycopeptides that may be important in (monitoring) diseases can be identifi ed soon .
Perspectives
One of the major challenges in the analysis of O-glycans is the unwanted side reaction occurring once the oligosaccharides are released from the protein backbone (termed ' peeling ' ; Merry et al. , 2002 ) . It is hoped that ways to reduce/ abolish this ' peeling ' reaction and/or combine the release of O-glycans with a suitable labeling technique will be identifi ed soon. Some recent papers have described the fi rst steps toward this goal (Maniatis et al. , 2010 ; Furukawa et al. , 2011 ; Wang et al. , 2011 ; Zauner et al. , 2011 ; Kozak et al. , 2012 ) . The effi cient blocking of the reducing end of the formerly O-linked oligosaccharide appears to be an important aspect in improving the stability of the O-glycans.
Rather novel techniques for O-glycopeptide analysis such as the radical-mediated mass spectrometric fragmentation methods ETD and ECD are becoming more and more popular for site-specifi c glycoprotein analysis and have expanded the analytical options in glycoproteomics tremendously (see the ECD/ETD Fragmentation of Glycopeptides section). These methods (in particular, ETD) will, probably in combination with CID fragmentation, allow a very detailed analysis of more glycoproteins in the future.
Other important aspects in the O-glycoproteomics fi eld are spectral assignment and data analysis. In this respect, a very interesting collaboration of researchers is the UniCarbDB platform ( http://www.unicarb-db.com/ ), which is currently focused on mass spectrometric data and structural assignment based on fragmentation data. The aim is to generate an assigned database of assigned spectra and structures supporting structural elucidation .
Recent publications show that combinatorial approaches or glycoengineering can help in getting a picture of the O-glycoproteome of the sample of interest (Nilsson et al. , 2009 ; Steentoft et al. , 2011 ) . Although these approaches are successful for simple or simplifi ed O-glycosylation, they might not be suitable to deal with peptides carrying large and structurally diverse O-glycans, requiring manual interpretation of the corresponding fragmentation spectra.
One very elegant approach has recently been published, in which top-down sequencing on the protein level by MALDI-MS based on the in-source decay (ISD) of intact glycoproteins was induced by hydrogen radical transfer from the matrix (Hanisch , 2011 ) . It allows a ladder sequencing from both termini with assignment of O-glycosylation sites based on intense c-, y-, and z-type ions. In Figure 6 , the top-down glycoprotein sequencing of bovine κ -casein is shown as an example. The feasibility of ISD-MALDI-MS in the localization of O-glycosylation sites was clearly demonstrated for several proteins as fragments are formed under conditions that leave O-glycosidic bonds largely unaffected. This method gives comparable information to that obtained with PSD MALDI or ETD-ESI-MS, which shows its potential for the site determination of complex O-glycans at the protein level. After further optimization of this approach, it is expected to present an attractive and powerful tool for the site determination of complex O-glycans at the protein level (Hanisch , 2011 ) .
The above-mentioned technical approaches are already major improvements/advances to study O-glycosylation in greater detail. We believe that in O-glycoproteomics, we have only seen the tip of the glycobiology iceberg (Marino et al. , 2010 ) and that there will be major and signifi cant discoveries ahead of us due to the combination/further improvements of all the latest technical advances. 
